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Regional Crop Modeling:
How Future Climate May Impact Crop
Yields in Switzerland

Niklaus Lehmann, ETH Zurich

Abstract

Crop yield levels and crop yield variability depend to a high extent on
climate conditions. Due to climate change the local crop growth condi-
tions in Switzerland are expected to change. This study addresses the
question how weather, soil and management factors influenced mean
wheat yield levels in twelve study regions in the Swiss Plateau during
the period 1990 - 2008. In addition, we assess potential impacts of climate
change on wheat yield levels and yield variability. Applying a multiple
regression model based on historical yield, weather, soil and manage-
ment data in the period 1990 - 2008 at a regional scale, we find clear
relations between yield levels and weather as well as management and
soil factors. We show that global warming is assumed to decrease wheat
yield levels in all study regions between 4-10%. Nevertheless, negative
impacts of climate change on wheat production can be minimized or
even overcompensated if the CO? fertilization effect and possible adap-
tation measures are taken into account.

Keywords: Wheat, Yield Prediction, Climate Change,
Statistical Models

JEL classification: Q54
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1. Introduction

1.1 Agriculture and Climate

Agriculture is an economic sector which depends highly on climatic conditions.
On the one hand, radiation and temperature define together with crop charac-
teristics and the atmospheric CO? concentration the potential yield for a crop
in a specific region (Goudrian and Zadoks 1995). On the other hand, the attai-
nable yield for the same crop and region can be derived from the potential
yield if the local water and nutrient availability are considered (Goudrian and
Zadoks 1995). The potential yield remains constant over the years for a given
climate, soil and crop if breeding improvements are not taken into account.
The attainable yield, however, changes from year to year, since weather condi-
tions vary and farmers adapt their management practices according to the
prevailing climate and market conditions. Also, weather influences the actual
crop yields indirectly, as it has an impact on the expansion of diseases, pests,
weeds, pollutants and calamities’. The understanding of the weather’s and the
climate’s influence on crop yields is a field of interest for many agricultural
stakeholders. For instance, for farmers it is important to know under which
climatic conditions agricultural management measures (e.qg. irrigation, pesticide
and fertilizer applications, tillage operations) are necessary in order to prevent
yield losses. The food industry wants to know how the current weather situation
influences future yield levels in order to estimate future prices of agricultural
goods. In addition, scientists and breeders investigate yield-weather relations
in order to develop less climate-sensitive and regionally better adapted crop
varieties.

Most recent studies investigating the impact of climate on yield levels focused
on temperature and precipitation as explanatory variables (e.g. Lobell and Field
2007; Almaraz et al. 2008; Isik and Devados 2006; Fliickiger and Rieder 1997).
Besides the fact that these two variables are daily recorded by most weather
stations and therefore easily accessible, temperature and water availability in-
fluence directly or indirectly many physiological processes in crops (Porter and

! In this study the influence of weather and climate on the expansion of plant diseases, pests and weeds is not
considered. Notwithstanding, climate and weather conditions a ect to a high degree yield damages caused by
diseases, pests and weeds (Patterson et al. 1999).
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Semenov 2005). Apart from temperature and precipitation, also solar radiation
and relative humidity are important factors which determine crop yields (Hoogen-
boom 2000). In addition to the influence on yield levels, weather effects also
crop yield quality. For wheat, for instance, the protein concentration in grains
is known to be four times more dependent on climatic growth conditions than
on variety (Spencer 1983). Yet in contrast to climate-yield relations, the impacts
of weather on quality determining processes are much worse understood?.
According to the Intergovernmental Panel on Climate Change (IPCC), most of
the observed temperature increase since the middle of the 20th century was
very likely caused by increasing concentrations of greenhouse gases resulting
from human activity such as fossil fuel burning and deforestation (IPCC 2007).
A changing global climate also signifies changing growing conditions for crops.
According to Lobell and Field (2007) recent global temperature increases indu-
ced a reduction in global wheat, barley and maize yields. Possible consequences
of climate change on agriculture can also be observed in Switzerland. For ex-
ample, the drought in the year 2003 caused a reduction of average crop yields
in Switzerland up to 20% (Keller and Fuhrer 2003). For Switzerland, a tempe-
rature increase in summer months of 1.4-4.7°C (median=2.7°C) is expected
until the middle of the 21st century (Frei 2004). Projected alterations of precipi-
tation in Switzerland in turn, depend highly on the season and the geographic
region (Frei 2004). However, it is very likely that for all parts of Switzerland
precipitation in summer will decrease (Frei 2004).

1.2 Modeling Climate Change Impacts on Agriculture

Most studies analyzing climate change impacts on agricultural systems use
either process-based crop growth or regression models (Lehmann and Finger
2010). Process-based crop growth models simulate crop growth and crop yield
levels by means of specific input variables (e.g. daily weather parameters, soil
characteristics, crop characteristics, cropping system management options).
Examples of recent crop growth simulation models are CropSyst (Stockle et al.
2003), CERES (Ritchie et al. 1998), CROPGROW (Boot et al. 1998), EPIC (Willi-
ams et al. 1989) and WOFOST (Diepen et al. 1989). The main advantage of

2 Crop quality is a multi-faceted and complex subject which depends on environmental conditions during plant
growth and also on technology during harvest, storage and food processing (Porter and Semenov 2005).
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crop growth simulation models is the explicit formulation of physiological plant
processes (Finger 2009). Though a weakness is the uncertainty about these
physiological processes and the sheer number of parameters in these dynamic
and highly nonlinear models (Schlenker and Roberts 2008). Moreover, produc-
tion and nutrient systems are often taken as exogenous variables in crop models
which prevents the consideration for behavioral responses of farmers (Schlenker
and Roberts 2008).

In contrast to crop models, regression models comprise adaptation actions
taken by farmers to changes in climatic conditions and thus avoid the overesti-
mation of negative climate change effects on crop production. A further ad-
vantage of regression models compared to crop simulation models is the
flexibility of integrating management and policy factors as explanatory variab-
les of yield levels besides weather and soil parameters. Moreover, regression
models, in contrast to simulation models, use observed yield records as input
data, meaning that a connection to the reality always is guaranteed®. Never-
theless, it should be taken into account that the validity of long-term projec-
tions of multiple regression models is severely restricted as new innovative
adaption options cannot be considered. Therefore, only short-term forecasts
should be made with multiple regression models.

Even though there are already numerous large scale and regional studies about
multiple regression models estimating crop yields under future climatic condi-
tions (Lobell and Field 2007; Osborne et al. 2007; Almaraz et al. 2008; Iglesias
and Quiroga 2007; Reidsma et al. 2009), only little attention has been paid to
the impact of climate changes on crop yields in Switzerland. However, large
scale crop models cannot make significant statements about climate change
impacts on crop yield levels in Switzerland, since the climatic conditions vary
considerably within the Alpine region. The only published study, which used
multiple regression models in order to estimate impacts of climate change on
crop yield levels in Switzerland has been conducted by Flickiger and Rieder

3 A connection to observed crop yield levels in crop simulation models is only guaranteed if enough historical data
for a detailed calibration of the model is available. However, this is often not the case.
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(1997)%. Since then, new insights into climate change have been gained. Further-
more, recent studies investigating the impact of climate change on crop yields
in Switzerland were all conducted for some specific sites (Torriani et al. 20073;
Torriani et al. 2007b; Finger 2011a), an integral approach for the whole Swiss
Plateau, however, does not exist yet. Thus, this study aims to overcome this gap
by developing of a multiple regression model for wheat yield levels in order to
analyze yield-weather relations at a regional scale in the Swiss Plateau. Further-
more, we analyze integrally potential climate change impacts on regional wheat
yields in Switzerland using historic yield and weather data as well as regional
climate changes scenarios.

2. Material and Methods

2.1 Regression Model Design

We design a regression model at regional scale explaining average wheat yields
by means of monthly weather parameters, a soil factor and some management
variables as explanatory variables. In this paper we focus on wheat since it is
the most important crop in Switzerland (SBV 2009). Besides climate variables,
also management variables are included in the model in order to explain devi-
ations in the average vyield levels caused by systematic structural differences
among the study regions and years. A similar approach has been done by Igle-
sias and Quiroga (2009), who used the engine power of farm equipment as
proxy variable for technology and investment in a farm or in the farming sector
of a district or country in order to account for large increases in crop producti-
vity. Aside from weather and management characteristics, also soil properties
affect crop yields. Particularly in the Swiss Plateau the soil conditions vary consi-
derably. Therefore, for each study region, a soil factor is computed and inte-
grated as explanatory variable into the regression model.

* Fluckiger and Rieder (1997) developed for the seven major crops in Switzerland multiple regression models on
the basis of historical farm yield and monthly weather data. Neglecting the CO? fertilization effect they expected
climate change to decrease the yield levels of the seven most important crops in Switzerland (Fliickiger and
Rieder 1997).
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In order to smooth the dependent and explanatory variables, we use regionally
aggregated yield, management, soil and monthly climate data. Thus, we define
twelve study regions located in the Swiss Plateau (see Figure 1) under the fol-
lowing restrictions: (i) in each region and year enough historical yield and
management records of different farms must be available®; (ii) for each region,
a station of the new meteorological network of MeteoSwiss (SwissMetNet)
should be located within the region or in vicinity; (iii) the distance between
each point in a region and the SwissMetNet station should not exceed 35 km.

Figure 1: The twelve study regions

Source: Swisstopo, MeteoSwiss

Figure 1 shows the geographic location of the twelve study regions.

5 We apply a minimum of 25 farms per region and year in order to compute significant averages.
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Historical yield and management data of the period 1990-2008 are obtained
from the Farm Accountancy Data Network of the Agroscope Tanikon-Recken-
holz (ART). In this study we consider fertilizer costs (CHF/ha), a specialization
factor (dimensionless) and the amount of special direct payment for extensive
wheat production (CHF/ha) as management variables. Since fertilizer costs rat-
her should express the physical applied fertilizer amount than the financial
costs, fertilizer costs are corrected by a national fertilizer price index®. Besides
average fertilizer costs, also the specialization degree in crop production is
assumed to be an important yield influencing management variable. In order
to account for the farms’ specialization degree, we apply a specialization factor
which is computed for each region and year according to Equation 1.

(1)

GYpp.
SF. = | ———| - A;
l GYtotali l

Where SF stands for the specialization factor, GYPP stands for the farm’s gross yield generated
through plant production [CHF/farm], GY,, represents the farm’s total gross yield [CHF/farm], A
stands for the farm’s area of arable land [ha] and i for the year in the period 1990-2008.

Finally, we integrate as third management variable special direct payments for
extensive wheat cultivation’ into the regression model.

In a first step, yield levels, fertilization costs, the specialization factor and the
special direct payments for extensive wheat cultivation are developed on farm
level data. Then, in a second step, regional averages for each year are compu-
ted based on the farm level data by use of a trimmed mean, whereas the
10%-fraction of each end of the observations is discarded. The regional aver-
aged management variables are generally applied as linear terms to the regres-

& The national fertilizer price levels is obtained from the buying price index of agricultural means of production
provided by the Swiss Farmer Union.

7 In Switzerland, in the year 1991 ecological direct payments for extensive cereal production have been introduced.
Farmers joining this ancillary payment scheme are not allowed to apply any fungicides, plant growth regulators,
insecticides and chemical-synthetic stimulators of natural resistance to cereal crops or canola (BLW 2008).
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sion model. In order to reflect the occurrence of decreasing marginal produc-
tivity, the fertilizer costs are not only integrated as a linear but also as a
logarithmic expression into the regression model.

A region’s climate conditions are expressed by the three monthly climate indices
growing degree days (GDD), the modified moisture index (MMI) and the preci-
pitation sums during a rain sensitive period of wheat. For each region, daily
maximum and minimum temperature and daily global radiation values are
obtained from one SwissMetNet station within or near the specific study region.
Since in the Swiss Plateau precipitation shows larger spatial heterogeneity than
temperature (Lehmann 2010), for each region a daily precipitation average
based on the rain data of the region’s assigned SwissMetNet and precipitation
stations is computed. In total, daily precipitation data from 87 SwissMetNet
and precipitation stations are used. The concept of GDDs assumes that pheno-
logical plant development is constant per degree of temperature between a
base temperature (T,,..) and upper threshold temperature (T .) (Douglas
1998). By using GDDs instead of absolute temperatures, specific thermal require-
ments of wheat can be considered. In this study we compute the GDDs for
wheat according to Equation 2.

(2)

rm — Tiasextl M = Tgase and M < Teut-off
GDD = 5 Tout-off — Thase: if Zy&%—_"{m—n > Teut-off

L 0,if M < Tpase

Where T,,_ is the daily maximum temperature [°C], T,, is the daily minimum temperature [°C] and
T and T, are the base temperature [°C] and cut-off temperature [°C] of wheat. We apply
Tee=3"Cand T_,_,=22°C (Torriani et al. 2007).

Base cut-off
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The MMI can be computed by use of the potential evapotranspiration (PET) and
precipitation (Willmott and Feddema 1992). The PET often has been used as
the atmospheric water demand in studies investigating weather-yield relations
(Chiemelewski and Kéhn 1999; Esfandiary 2009; Werker and Jaggard 1998).
By integrating the MMI as explanatory variable into the multiple regression
model two advantages result. In first place, the MMI is symmetric about zero
in the range -1 up to +1, whereas wet climates have positive values and dry
climates have negative values. In second place, a high multicollinearity bet-
ween temperature and precipitation values can be prevented by the combina-
tion of precipitation and evapotranspiration within one index. For this study we
compute the MMI according to Willmott and Feddema (1992) as presented in
Equation 3.

(3)

N-1ifr<E
[E°]_ <
MMI = E°
1_[?]JifT2Eo

Where MM is the modified moisture index (dimensionless), r is the daily precipitation sum
[mm-day'] and E° is the daily potential evapotranspiration [mm-day']. In this study, the potential
evapotranspiration (E°) has been computed after the Penman-Monteith method (Allen et al. 1998).

We include only monthly weather indices of the months in the vegetation
period in the harvest year of wheat (February—August) in the regression model.
Additionally, we define for wheat a rain sensitive period from March-August
and compute for each year and region its precipitation sum. In order to express
the non-linear relationships between weather and plant growth (Porter and
Semenov 2005), all considered weather variables are incorporated as linear as
well as quadratic expression. Finally, also a regional soil factor is used as inde-
pendent variable in the multiple regression model. This factor is computed on
the basis of the digital soil aptitude map of Switzerland provided by the Fede-
ral Office for Agriculture (FOAG). We use the classification of the digital soil
map to derive a soil index () (see Lehmann 2010). Based on this classification
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for each community of the twelve study regions an average soil index (I )
according to the community’s different area-weighted soils is computed. As in
the regions the data records of different communities vary considerably among
the years?, a crop area-weighted sail factor (1) (see Equation 4) has been com-
puted for each region and year and applied linearly and as a quadratic term to
the regression model. The higher the soil factor | is, the more appropriate is a
region’s soil for agricultural production.

(4)

n :
g e k=1lmk Ak
f = "vn .

Where If is the wheat area-weighted soil factor for a specific region and year. | _is the wheat
specific mean soil index of the community k (k =1,2,...,n=1,n) and ak is the total area [ha] of
wheat in the community k.

Finally, all explanatory variables are integrated into the multiple regression mo-
del as shown in Equation 5.

(5)

2
Y=uay+ )81 : GDDFebruary + 162 ' (GDDFebruary) + BB *GDDygren + Bz ’ (GDDMm'r:h)2 ARt 1311 ' GDDjuly
2 2
+ ﬁ12 ) (GDD]uly) + BI3 ' GDDAugust + 314 ) (GDDAugust) + /3'15 ' MMIFebruary + Blﬁ
2
= (MMIFebruary) + ﬁl? - MMIMarch T ﬁlB ) (MMIMarch)z Gt ﬁ29 : MMIjuly + )830

2 2
-(MMIpy1y)" + By - MMy guer + Baz - (MMIgyguse) +Bss - Precsp + Bag - (Precsp)?

+ B35 - COStSpere + Pag - 10g(Costspert) + P37 * DPExtensive + Bas " SF + Pag Iy + Bao I;?
+&

& Note that not in every year the same farms are in the sample.
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Where

Y: Average wheat yield [dt/ha]

GDD: Monthly sum of growing degree days [°C]

MM Monthly sum of the modified moisture index (dimensionless)
PrecSP: Precipitation sum during a rain sensitive period [mm]

Costs,, . Average fertilizer costs [CHF/ha]
Bt Average special direct payments for extensive wheat cultivation [CHF/ha]

SF: Average specialization factor (dimensionless)
If: Average soil factor (dimensionless)

In order to select the most important yield determining factors among all in-
cluded explanatory variables (see Equation 5), a stepwise backward variable
selection by the Akaike Information Criterion (AIC) is used. The multiple of the
number of degrees of freedom for the penalty is adapted, so that only signi-
ficant (at a significance level of a = 0.05) parameters remain in the model. The
final developed regression model is tested on multicollinearity, heteroscedasti-
city and the residual’s normal distribution. Moreover, also the model’s stability
is validated by a hold-out cross-validation®.

2.2 Yield Projections under Climate Change Scenarios

For each of the used SwissMetNet stations future daily minimum and maxi-
mum temperatures, daily precipitation sums and daily solar radiation values are
generated for a baseline period (corresponds to the time period of the input
data 1990-2008), and for the two future periods 2011-2030 and 2046-2065
by use of the weather generator LARSWG™. For the two future periods the
IPCC emission scenario A1B'" is applied and the weather data is generated by
use of the general circulation model Hadley Coupled Climate Model Version 3
(HadCM3). For each station and climate scenario, 500 years of daily weather

® We choose randomly twelve years (training data set) and reestimate on the basis of this data set the coefficients
of the explanatory variables. These newly estimated models are then applied to the remaining seven years (test
data set) in order to estimate the fitted values of the crop yield levels. Finally, the residual standard error for each
regression models based on the test data set is calculated. This procedure is repeated 500 times.

10 The LARSWG is a stochastic weather generator, which has been specially designed for climate impact studies
(Semenov and Barrow 1997). It has been tested for several climates and was found to perform better than other
weather generators (Semenov et al. 1998).

" The A1B emission scenario expects a future world of very rapid economic growth, global population that peaks
in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies
whereas a balanced use of fossil and non-fossil energy sources is anticipated (IPCC 2000).
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data are simulated. Yield projections under future assumed climate scenarios
are made applying the simulated weather data on the developed regression
model. Thereby, only climatic explanatory variables are changed. Management
and soil variables on the other hand, are kept constant (ceteris paribus). Doing
so, regional averages of all management variables as well as for the soil factor
based on the data records of the period 1990-2008 are calculated and inte-
grated as explanatory variables into the regression models. The relative changes
in yield levels and yield variability are worked out by the comparison of the
projected yields using weather variables generated under the baseline scenario
with the projected yields using weather variables generated under one of the
two future climate change scenarios.

3. Results

3.1 Multiple Regression Models

The multiple regression model of wheat explains by the selected 16 regressors'
more than 76% of the yield variance (see Table 1). The GDDs in March, June
and August are integrated by a positive linear and negative quadratic coeffi-
cient in the regression model. Therefore, in these months an inverted u-shaped
relation between GDDs and yield levels can be observed. This indicates that
neither too hot than too cold temperatures in March, June and August in-
crease yield levels. Additionally, the GDDs in April and May have a significant
impact on wheat yields, whereby high temperatures in April have a yield in-
creasing effect, while high temperatures in May lead to a reduction of wheat
yields. The MMl is crucial for wheat yields in the months of February, March,
May and June. However, the water availability is only in March a yield limiting
factor of wheat growth. In the other months the climate is generally too moistly
for optimal wheat growth. The precipitation sum during a rain sensitive period,
in turn, is not found to be a significant wheat yield influencing variable. As it
could have been expected, wheat growth benefits from soil with a high apti-

12 Note that by applying the stepwise backward variable selection all selected regressors in the developed model
were significant at a significance level of =0.05.
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tude for agriculture. Moreover, regions where a high percentage of farms is
specialized in crop production generally feature higher wheat yields. Though,
the more special direct payments for extensive wheat cultivation farmers in a
regions receive, the lower are the wheat yields in this region'. The two most
important regressors are not weather but management variables, namely the
specific crop payment for extensive wheat cultivation and the specialization
factor. Together with the GDDs in June, these three regressors account for
more than 40% of the model’s total explained variance.

Table 1: Summary of regression mode/

GDDyaren(-)s (GDDtaren) (+), {GDDppril) (+), GDDptay(-),
GDDyyne(*), (GDDyne)*(-), GDDuguer(-), (GDDaygust)’(+)
MM Iegbruary(-), MMIyarcn(*), (MMlyaren)“(-), (MM lyiay)“(-),

Significant GDD Variables

Significant MMI Variables

MMl jyne(-),
Significant Management Variables SF(+), DPexensive(-)
Significant Soil Variables I{+)
Most influential Regressors (1.) DPgyiensive; (2.) SF; (3.) GDD jyne
R-squared 0.7821
Adjusted R-squared 0.7641
Residual Standard Error 2.665
p-value of F-statistic <2.2e-16

Table 1 gives an overview of the regression model output. Conducting the stepwise backward
variable selection only significant explanatory variables are kept in the model. The algebraic sign in
parenthesis behind each regressor shows his influence on the regional wheat yield levels.

None of the regression model’s presumptions of homoscedasticity, of normality
of the residuals and of independence of the explanatory variables is rejected.
Moreover, the residual standard error of the 500 regression models estimated
during the hold-out cross validation increased on average by a factor of less

than 1.9, which indicates that the developed regression model of wheat yields
is robust.

3 Farmers joining the special payment for extensive wheat cultivation are not allowed to apply pesticides,
fungicides and growth regulators, which reduces their potential yield levels (Finger 2010).

281



Niklaus Lehmann: Regional Crop Modeling: How Future Climate May Impact Crop Yields in Switzerland:
YSA 2011, 269-291

Figure 2 shows a comparison of the simulated yields with the observed yields
in Region 8 (Seeland). Generally, in none of the study regions very large discre-
pancies between the observed and simulated regional wheat yields in the period
1990 - 2008 are found.

Figure 2: Model performance in Region 8 (Seeland)
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Figure 2 shows the performance of the developed model in Region 8.

3.2 Climate Change Impact on Yields

By means of the developed regression model and the generated weather data
under the baseline scenario and under the A1B-2020, as well as the A1B-2050
scenario, impacts of climate change on wheat yield levels in each of the twelve
study regions can be assessed (see Figure 3). Figure 3 indicates that climate
change will decrease wheat yields in all regions. Under the climate change
scenario A1B-2050 a decrease of average wheat yields between 4% and 10%
is estimated for all regions. The highest reduction of wheat yields (more than
8%) occurs in Region 6 and Region 7 under the climate change scenario A1B-
2050. Regarding Region 5, wheat yield is expected to decrease on average by
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less than 5% under the scenario A1B-2050. For the scenario A1B-2020, the
model anticipates in all regions a yield decrease of wheat of less than 2%. A
comparison of the yield variance in the baseline scenario with the yield vari-
ance in the A1B-2050 scenario also allows an analysis of climate change im-
pacts on the regional wheat yield variability. Figure 4 shows the expected
change in variability of regional wheat yields for the A1B-2050 scenario. For
most regions the model indicates an increase in yield variability under climate
change. For instance, in Region 5 the model predicts an increase in yield vari-
ance of more than 35%. In the Region 7, however, our analysis results in a signi-
ficant decrease in yield variability.

Figure 3: Relative wheat yield changes under climate change scenarios

R1 R2 R3 R4 ]S Ré R7 R8 R9 R10  R1t  RI2

Relative Change of Wheat Yield in %

£3 Change in the HADCM A1B--2020 Scenario
£ Change in the HADCM A18-2050 Scenario

Figure 3 shows for each region the estimated relative mean changes in wheat yields comparing
the simulated yields in the baseline scenarios with the generated yields in the A1B-2020 and in the
A1B-2050 scenario, respectively.
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Figure 4: Estimated changes in yield variability under the A1B-2050 scenario

Change in Yield Variabifity
{7} Decrease of 0% -10%
Increase of 0% - 10%
B Increase of 105% - 20%
Bl Increase of more than 20%

Source: Swisstopo

Figure 4 presents the changes in yield variability comparing the simulated regional wheat yield vari-
ances under the baseline scenario with the simulated regional wheat yield variances under the
A1B-2050 scenario. In order to prove the significance of the estimated changes in yield variability,
a one-sided Ansari-Bradley-Test has been conducted for each region. Regions with significant
(significance level of a = 0.05) changes in yield variability are shown by filled areas. Regions with a
significant trend are marked with a *).
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4. Discussion

The most important regressor in the developed model is the amount of specific
direct payments for extensive wheat cultivation. The high importance of this
factor can mainly be traced back to the implementation of the contribution for
extensive cultivation of cereals in Switzerland in the year 1991. As since then,
farmers in Switzerland can decide if they want to apply for this special payment
under the condition that no more pesticides and growth regulators are allowed

in the wheat production, the regional yearly adoption rate of this specific crop
payment varies considerably among time and space. During the first years after
the implementation of this specific payment, only few farmers adopted to this
program, while today a high percentage of farmers cultivates cereals under
these ecological restrictions (Finger and El Benni 2011b). The non-use of pesti-
cides and growth regulators, however, leads evidently to a decrease in cereal

yields (Finger 2010). Regions, where a high percentage of farmers produces
wheat under these restrictions, show generally lower yield levels™. The second

most important regressor in the wheat model is the specialization factor, which

is integrated with a positive coefficient. This indicates that farms which are

more specialized in crop cultivation achieve generally higher wheat yields. Ano-
ther important factor for the wheat yield levels are the GDDs in June. For the
GDDs in June, like for the GDDs in March and August an inversed u-shaped

relation can be observed. This shows that there is in the case of wheat an opti-
mal temperature in March, June and August. Too hot or too cold temperatures

in these months result in a yield decrease. The monthly MMI sum has except
for March a negative impact on yield levels. This illustrates that droughts in

summer months are currently not a relevant problem in the Swiss wheat culti-
vation.

Some similarities to our study can be detected in the multiple regression model

of Landau et al. (1998) that consists of wheat yields and weather parameters

recorded in UK as depending and explanatory variables, respectively. Firstly, in

their study the monthly rainfall sums had generally a negative impact on yield

levels (except for the rainfall in April) and secondly, temperature increases in

A significant negative linear relation resulted in an analysis of regional yearly wheat yields and regional yearly
amounts of specific wheat payments.
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midsummer leaded to a decrease in wheat yields (Landau et al. 1998). Flickiger
and Rieder (1997) observed that the monthly precipitation sums had in the
months of April-July a negative impact on wheat yields in Switzerland, while
the effect of precipitation in March was positive. This findings are in line with
our results, where the MMI in March is integrated with a positive and the MMis
in May and June are integrated with a negative coefficient.

Wheat yields are expected to decrease under the climate change scenario A1B-
2050 by a percentage of 4-10%), whereas the yield variability of wheat increa-
ses in nearly all regions (except for Region 7) up to 34%. Regarding the changes
in the A1B-2020 scenario, only slight yield decreases can be observed, which
are in all regions smaller than 2%. The explanation, therefore, lies in the fact
that the A1B-2020 scenario corresponds to the period 2011 — 2030 during
which no large changes in climate compared to the baseline period (1990 -
2008) are expected. The simulated yield decreases for wheat under climate
change scenarios can mainly be explained with the excepted temperature in-
creases in the summer months. However, the model shows that the expected
decrease in precipitation in summer under climate change enhances the wheat
growing conditions in Switzerland. Torriani et al. (2007) predicted for the period
2071-2100 a reduction of the median of wheat yields of 26% at three diffe-
rent locations in the northeastern part of the Swiss Plateau under climate
change without considering the CO? fertilization effect. Additionally, they ex-
pected for the same time horizon and climate change scenario a decrease in
the variability of wheat yields of more than 30% (Torriani et al. 2007b). The
difference of the decrease in yield losses in the study of Torriani et al. (2007b)
compared to our results, can be explained by the different time horizons. In
this study, forecasts up to the period 2046-2065 have been made, while the
baseline period in the study of Torriani et al. (2007) has been compared to the
time horizon 2071-2100, where climate change is expected to be more pro-
nounced. However, the contradictory results in these two studies considering
the changes in the wheat variability are more surprising. A probable explanation
would be the fact that the two approaches used different methods in order to
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simulate future daily weather parameters'. Flickiger and Rieder estimated a
mean wheat yield decrease of 18% without considering the CO? fertilization
effect under future climatic conditions in Switzerland. Ewert et al. (2005) in-
vestigated the impact of climate change on the European wheat productivity.
They estimated for the year 2050 under the emission scenario A1F'®a mean
wheat productivity decrease of 2% without the consideration of CO? fertiliza-
tion effect and technology improvements (Ewert et al. 2005).

Although regression models comprise tactical adaptation measures taken by
farmers in the past to changes in climatic conditions, they do not account for
systematic changes in management practices, which can be assumed to occur
under hotter and dryer conditions. A sensitivity analysis of our results shows
that yield losses in agriculture caused through climatic change can be reduced
by several adaptation measures. Since not all crops will suffer at the same ex-
tent from climate change', a crop diversification at farm level can minimize
weather-related risks in agriculture. Irrigation may become an important adap-
tation strategy in regions where water is already now a yield limiting factor
(Fuhrer and Jasper 2009). However, Lehmann (2010) points out that irrigation
is rather for tuber crops like potato and sugar beet appropriate, where a clear
relation between the precipitation sum of a rain sensitive period and the crop
yields can be found. Additionally, also changes in land use among the regions
can mitigate negative climate change impacts on agricultural systems. For in-
stance, Lehmann (2010) finds that potato yields will benefit from climate
change in regions where they are nowadays rather a crop of minor importance
(e.g. Region 6).

"5 Torriani et al. (2007b) used a method, whereby observed daily data has been adjusted with monthly anomalies
that reflect the full changes in the probability distribution of each of the climatic elements. In this thesis, in turn,
a weather generator has been used in order to simulate future daily weather data.

'8 The A1F scenario expects a future world of very rapid economic growth, global population that peaks in
midcentury and declines thereafter, and the rapid introduction of new and more efficient technologies, whereas
the use of fossil-intensive energy sources is anticipated (IPCC 2000).

'7 Lehmann, 2010 showed that compared to barley, potato and sugar beet, wheat will suffer the highest yield
losses in Switzerland under climate change. While barley yields are also assumed to decrease at a lower extent in
all regions, the climate change impacts on potato and sugar beet yield levels can even be positive depending on
the specific study region (Lehmann 2010).
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5. Conclusion

In this study we developed a multiple regression model using regional wheat
yield levels in Switzerland in the period 1990-2008 as dependent variable and
climate, management and soil indices as explanatory variables. We apply weather
data generated under climate change scenarios to the regression model which
allows us to make projections of climate change impacts on regional yield
levels. We find that at a regional level more than 75% of the wheat yield vari-
ance can be explained by the regression model and climate change reduces in
all considered regions the yield levels by less than 10%. However, this study did
not take the CO? fertilization effect into account which is generally assumed
to increase wheat yields (Amthor 2001).

Further research should test the effect of different climate change scenarios on
wheat yields in Switzerland. Additionally, other regression methods (e.g. non-
parametric regression models) should be used in order to compare our projec-
tions of climate change impacts on wheat yields with other predictions based
on different statistical approaches.
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